Abstract: Perfectly transparent silver-polystyrene nanocomposites, characterized by a very strong SPR absorption band centered at 421nm, have been prepared by dissolving silver 1,5-cyclooctadiene hexafluoroacetylacetonate into amorphous polystyrene and thermally annealing this solid solution for 10s at 180 °C. The silver atoms generated during the [Ag(hfac)(COD)] thermal decomposition process slowly diffuse into the molten polymeric phase and clusterize, leading to the formation of a contact-free dispersion of silver nanoparticles characterized by a very intensive SPR absorption. Finally, silver 1,5-cyclooctadienehexafluoroacetylacetonate can be conveniently used to dye optical plastics by the strong SPR absorption of nanoscopic silver without transparency loss. In addition, the intensity of coloration can be varied by changing the amount of organic salt dissolved into the polymer.
Introduction
Nanoscience and nanotechnology are very important areas of research in material science [1] [2] [3] [4] , and polymeric nanocomposites (i.e. polymer-embedded metal or ceramic nanostructures) represents probably the most simple and effective class of nanostructured materials. Nanocomposites based on noble-metal nanoparticles characterized by the surface plasmon resonance (e.g., silver and gold nanoparticles) embedded into amorphous polymeric matrices (optical plastics) like polystyrene, poly(methyl methacrylate), polycarbonate, etc. offer interesting possibilities to fabricate linear optical limiters as a result of the high material transparency (absence of light-scattering) and the selective SPR-absorption in the visible spectral region. These simple functional materials can be exploited for different optical applications for example in the field of optical data storage, ultra-thin color filters, etc. [1] [2] [3] [4] . A uniform distribution of a nanoscopic silver phase into a continuous dielectric matrix is characterized by a single very intensive surface plasmon absorption band located at a wavelength of ca. 421nm. However, also mild aggregation of the silver nanoparticles causes a splitting of the absorption band with consequent spreading of the optical absorption band on a wider spectral rage [5] . Therefore, the optical properties of color filters based on silver nanoparticles embedded in amorphous polymeric matrices strictly depends on the inter-particle distance and a chemical route to synthesize this kind of materials must guarantee the formation of a contactfree dispersion of silver nanoparticles in order to achieve high-quality linear optical limiters based on the SPR-absorption.
Silver nanoparticles can be uniformly generated into a thermoplastic polymer by a controlled thermal decomposition of silver acetylacetonate (Agacac) precursor dissolved in it [6, 7] , however the solubility of such organic salt in non-polar polymers is quite low.
Here, silver 1,5-cyclooctadiene-hexafluoroacetylacetonate, [Ag(hfac)(COD)], has been used to generate silver nanoparticles into amorphous polystyrene. This special organic compound thermally decomposes in the solid state at a temperature value of ca. 150 °C, which is absolutely compatible with thermal stability of most thermoplastic polymers. In addition, differently from Agacac, the [Ag(hfac)(COD)] compound is characterized by very good solubility in non-polar polymers and organic solvents, consequently nanocomposite materials with very high numerical densities of silver nanoparticles can be prepared by this new type of metal precursor. During the thermal treatment, the [Ag(hfac)(COD)]/polymer solutions are able to generate a very high density of polymer-embedded silver nanoparticles uniformly dispersed into the amorphous matrix.
The use of silver acetylacetonate as a metallorganic precursor in the development of low-temperature binder-free conductive inks for screen-printing on temperaturesensitive polymeric substrates has been described in the literature [8] . However, to the best of our knowledge, the use of this perfluorurate silver salt as metal precursor for generating silver nanoparticles with strong SPR [9] uniformly dispersed into a polymeric matrix has never been described in the literature.
Results and discussion
The minimum temperature value required for [Ag(hfac)(COD)] thermal decomposition was established by differential scanning calorimetry (DSC, TA-Instrument Q100) and thermogravimetric analysis (TGA, TA-Instruments Q500) performed on the pure compound. As visible in Figure 1 , this organic salt melts at 110°C and, according to the TGA test, it simultaneously decomposes, loosing the 1,5-cycloocatadiene (COD) ligand. Then, the decomposition of the Ag(hfac) fragment follows, this process is strongly exothermal and starts at ca. 150°C. The exothermal peak is deformed by the simultaneous evaporation of the thermolysis by-products which is an endo-thermal phase transition. In fact, according to the thermogravimetric analysis performed in air at 10 °/min (see Figure 1) , weight-loss of organic by-product is visible at 150°C, and a residual weight of 25%, which exactly corresponds to the formation of zero-valent silver, resulted. The TEM-micrograph shown in Figure 3 represents the typical microstructure of a Ag/PS nanocomposite sample. In particular, the sample was obtained by annealing a [Ag(hfac)(COD)]/polystyrene film (1% by weight of [Ag(hfac)(COD)]) for 10s at 180 °C. Pseudo-spherical and quite monodispersed silver nanoparticles, of c.a. 7 nm, appear to be homogeneously distributed into the continuous polystyrene matrix. Differently from the use of thiolates as thermolytic precursor for the in situ generation of metal nanoparticles into an amorphous polymer matrix [10, 11] , the silver 1,5-cyclooctadiene-hexafluoroacetylacetonate precursor originates nanoparticles with a larger average particle size. Probably, such a behavior is related to the presence of a capping agent (i.e., hexafluoroacetylacetonate molecules) less effective than the sulfur-containing molecules (e.g., disulfide) present in the thiolate precursor thermal decomposition. An UV-Vis spectrophotometer (PerkinElmer, Mod. Lambda 850) was employed to study the surface plasmon resonance of the obtained polymer-embedded silver nanoparticles. Figure 4 shows the extinction spectrum of a [Ag(hfac)(COD)]/ polystyrene film (1% by weight of [Ag(hfac)(COD)]). The peak in the optical spectrum is due to the surface plasmon resonance effect and it is indicative of a nonaggregated dispersion of nanoparticles for different precursor's content (thermal annealing of 10s at 180°C). The absorption peak was slightly red-shifted with the increase of the silver volume fraction in the polystyrene matrix, a feature which can be attributed to the increased interaction between particles and a change in the effective permittivity of the surrounding polymeric matrix.
If we assume that the nanoparticles weakly deviate from sphericity and that they are embedded into a non-absorbing and isotropic embedding medium, the measured spectra can be compared to the extinction coefficient calculated according to the Mie theory [12] . We used the bulk silver dielectric constant is the modified damping coefficient which accounts for the particle size dependence; F v is the Fermi velocity and A is a dimensionless factor whose value is determined by the scattering process and essentially influences the width of the resonance.
Experimental values used for the plasma energy, Fermi velocity and bulk damping factor of Ag are from ref. [13] : where n a and n b are the Mie coefficients whose expressions [14, 15] can be described in terms of two parameters: the refractive index of the particle relative to the external medium, namely the ratio The curve in Figure 5 is the normalized theoretical extinction spectrum of silver nanoparticles embedded in polystyrene medium, The spectrum is calculated for a filling factor f=0.01 assuming a lognormal distribution of particles with average diameter 7 nm. The slightly larger width observed in the experimental optical spectrum measurement can be ascribed to inhomogeneous environment and nanoparticle shape dispersion.
Experimental
Silver 1,5-cyclooctadiene-hexafluoroacetylacetonate (C 13 H 13 AgF 6 O 2 , Aldrich, 99%) was purified by re-crystallization from chloroform. [Ag(hfac)(COD)]/polystyrene solid solutions were prepared by dissolving the [Ag(hfac)(COD)] microcrystalline powder in chloroform and then mixing it with a viscous solution of amorphous polystyrene (Aldrich, M w =230,000 gmol -1 ) in chloroform. In order to investigate the dependence of nanocomposite optical properties on the nanoparticle concentration, different [Ag(hfac)(COD)]/polystyrene samples with compositions ranging from 1.0 to 2.0% by weight of [Ag(hfac)(COD)] were prepared. The high solubility of silver 1,5-cyclooctadiene-hexafluoroacetylacetonate in amorphous polystyrene at room temperature allows to prepare nanocomposite systems with larger amounts of silver nanoparticles without formation of silver aggregates. The obtained liquid solutions were cast onto a Petri dish and allowed to dry in air at 25°C for 48h. Then, nanocomposite films were produced by isothermally heating the dry [Ag(hfac)(COD)]/polystyrene systems onto a laboratory hot-plate at a temperature of 180°C. The precursor [Ag(hfac)(COD)]/polystyrene films were transparent and color less, but during the controlled thermal annealing treatment a yellow coloration of the films was developed. Such strong yellow coloration was due to the SPR absorption of silver nanoparticles which is located in the visible spectral region at the characteristic wavelength of ca. 421nm [9] .
